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Abstract. We describe a dual diffusion chamber for observing ice crystal growth from water
vapor in air as a function of temperature and supersaturation. In the first diffusion chamber, thin
c-axis ice needles with tip radii ∼ 100 nm are grown to lengths of ∼ 2 mm. The needle crystals
are then transported to a second diffusion chamber where the temperature and supersaturation
can be independently controlled. By creating a linear temperature gradient in the second chamber,
convection currents are suppressed and the supersaturation can be modeled with high accuracy. The
c-axis needle crystals provide a unique starting geometry compared with other experiments, and the
dual diffusion chamber allows rapid quantitative observations of ice growth behavior over a wide
range of environmental conditions.
1 Introduction
The basic physics underlying crystal growth is remarkably rich, as processes over many length scales
– from short-range molecular dynamics to long-range diffusion effects – work in concert to determine
surface growth rates and crystal growth morphologies. The formation of faceted dendritic structures
has been particularly challenging to understand in detail, requiring simultaneous descriptions of both
the surface attachment kinetics (responsible for faceting) as well as particle and/or heat transport
via diffusion surrounding the crystal (driving dendritic growth). Even realizing stable computer
simulations that qualitatively reproduce observed structures has been achieved only recently [1, 2].
The formation of snow crystals – ice crystals grown from water vapor in air – is the most-
studied example of faceted dendritic crystal growth to date, yet our understanding of these common
structures is surprisingly poor. The dramatic variation of snow crystal morphology with growth
temperature has been known for over 75 years, for example, yet this seemingly simple behavior is
still without a satisfactory explanation [3]. One reason for this state of affairs is that the surface
attachment kinetics depend in detail on the molecular structure of the ice surface, including surface
melting, which is itself not well understood. In addition, we have recently found that the attachment
kinetics depend on the mesoscale surface structure, further complicating our picture of ice crystal
growth [4].
Making significant progress in crystal growth physics often requires quantitative comparisons
between experimental observations and comprehensive computer modeling that incorporates all rel-
evant physical processes. For the case of ice growth from water vapor, this begins with precise
measurements of crystal growth rates and morphologies under well-defined conditions. Many of the
ice-growth studies reported in the literature are not well-suited for quantitative analysis [5], and
there remains much room for improvement on the experimental front.
Focusing on ice growth from water vapor, a variety of experimental methods have been used
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for measuring growth rates and morphologies under different conditions. We begin with a brief
summary of these methods.
Growth on a flat substrate. In this method one begins with a small seed crystal resting
on a flat substrate, and then observes its subsequent growth as a function of temperature, super-
saturation, background gas pressure, and other conditions. This method affords many advantages,
including: 1) small crystals can be observed, which is important for minimizing diffusion effects
and measuring surface attachment kinetics; 2) interferometric techniques can be used for making
precise measurements of growth rates; 3) aligning a crystal facet to the substrate gives a well-defined
growth morphology relative to the substrate, and 4) the supersaturation is set by the temperature
difference between the growing crystal and a nearby water vapor reservoir, which can yield excep-
tionally good determinations of this important quantity. The substrate method was used to make
the most accurate measurements to date of the attachment coefficient for ice growth over a range of
conditions [6], as well as exploring aspects of structure-dependent attachment kinetics [4]. Overall
this method is perhaps the most useful for making precise measurements of ice growth rates in
well-defined conditions.
Disadvantages of this method include: 1) ice/substrate interactions can substantially alter the
ice growth rates [7]; 2) the supersaturation must remain below σwater , limited by the formation of
droplets on the substrate; and 3) neighboring crystals (near the test crystal but perhaps unseen)
can strongly affect the supersaturation, so care must be taken to isolate a single test crystal.
Growth on a filament substrate. This method dates back to Nakaya’s measurements in the
1930s using rabbit hair [8], and more recent examples include the use of thin glass capillaries [9, 10].
Advantages of this method include: 1) the thin filament reduces substrate interactions somewhat
and allows observations of full three-dimensional growth morphologies; 2) supersaturations above
σwater can be obtained if the growing crystal shields the filament to prevent droplet formation, and
3) single crystals can be observed, allowing good determinations of the surrounding supersaturation.
Disadvantages of this method include: 1) substrate interactions are significant and difficult to
control; 2) the crystal morphology is typically not aligned with respect to the substrate, complicating
the analysis of substrate interactions; 3) observing very small crystals is usually impractical, making
it difficult to reduce diffusion effects. While the filament technique has been particularly useful in
qualitative studies of ice growth, its disadvantages are nontrivial, especially substrate interactions,
making it difficult to realize precise measurements.
Growth in free fall. In this method one typically nucleates crystals in air, allows them to
grow in free-fall, and then observes them as they fall onto a substrate at the bottom of the growth
chamber [11, 12]. Advantages of this method include: 1) there are no substrate interactions to
contend with; 2) large numbers of crystals can be observed, allowing the study of rare morphologies
(e.g. triangular plate crystals [13]); 3) very small crystals can be studied; and 4) free-fall growth
chambers typically have larger volume/surface ratios than other growth chambers, allowing relatively
cleaner environments (with fewer contaminants in the air) to be used.
Disadvantages include: 1) the presence of many growing crystals makes it difficult to determine
the supersaturation accurately; 2) growth in near-vacuum conditions is typically not practical; 3)
the growth cannot be observed continuously, and 4) the conditions are typically not uniform inside
the growth chamber.
The free-fall method is especially useful for performing morphological studies with large numbers
of crystals, but again this method is not well suited for making precise growth measurements, mainly
because the supersaturation is difficult to determine.
Levitated crystals. Observing individual levitated crystals is a particularly appealing experi-
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mental method, as in principle it has a great many advantages, including: 1) the complete absence
of substrate interactions; 2) very small crystals can be used; and 3) the crystal growth can be con-
tinuously monitored. In many ways levitated crystals are ideally suited for making precise growth
measurements.
Disadvantages include: 1) the technical challenges are much greater than with the other methods;
2) maintaining levitation as the crystal mass increases can be problematic, and 3) controlling and
determining the supersaturation may be difficult if ice condensation on the levitation hardware is
close to the growing crystals.
The growth of ice crystals in ion traps has been reported [14], and ice crystals held in air flows
have also been observed [15]. Levitation of ice crystals by thermo- and photophoretic forces has
been demonstrated as well [16], as has acoustic levitation of ice particles [17]. With the exception
of [15], these techniques have so far remained mainly in the demonstration phases, and have not yet
been used to produce comprehensive measurements of ice growth rates.
Growth on ice needles. In this paper we describe the development of a novel method for
observing the growth of ice crystals at the ends of slender ice needles. The needles are grown
near −6 C at high supersaturation by applying 2 kilovolts DC to a wire substrate. Once formed,
the needles are transported to a second chamber for subsequent measurements. Advantages of
this technique include: 1) there are no substrate interactions, even though the crystal is held in a
stationary position; 2) the growth can be continuously monitored; 3) high supersaturations can be
used to grow complex morphologies; and 4) a rapid turnaround makes it possible to study many
crystals quickly.
The method has a number of disadvantages also, including: 1) the hardware is technically com-
plex (although in practice quite reliable); 2) the ice needle interferes with the crystal growth at the
tip (although in a well-defined way); 3) the supersaturation is somewhat influenced by the underlying
wire substrate and the presence of neighboring needles near the test crystal.
We believe that the dual-chamber apparatus described here is well-suited for the study of fast-
growing morphologies like thin plates, stellar crystals, and hollow columns under controlled condi-
tions in air. Our hope is that quantitative measurements of these morphologies will provide new
insights into Structure-Dependent Attachment Kinetics (SDAK) [4]. It appears that the SDAK
mechanism is an important player in the growth of snow crystals, particularly the SDAK instability,
and a better understanding of this enigmatic phenomenon is needed. Our dual-chamber apparatus
should allow a quantitative exploration of the SDAK instability over a range of conditions, thus
leading to a greater understanding of the detailed physical processes underlying ice crystal growth
dynamics.
2 Dual Chamber Design
Figure 1 shows the overall layout of our dual-chamber apparatus. The use of two side-by-side diffu-
sion chambers allows each to be optimized separately for its intended function. Diffusion Chamber
1 (DC1) was designed with an exceptionally high supersaturation, near 100% near −6 C, as this is
needed for reliably producing c-axis ice needles. Diffusion Chamber 2 (DC2) was designed to produce
a well-known temperature and supersaturation in the vicinity of the growing crystals, where both
parameters can be varied over a wide range. The two diffusion chambers are built upon a common
base plate that is cooled to −35 C using a recirculating chiller.
Also common to both chambers is the wire tip upon which ice crystals initially grow. At the
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Figure 1: A schematic view of the dual-chamber apparatus. Ice needle crystals are created in
Diffusion Chamber 1 (DC1, on the right), on the tip of a wire near the center of the chamber.
The wire is mounted to a small gearhead motor (below the wire), which is in turn mounted to
a manipulator arm (not shown here). After the needles have grown to lengths of ∼ 2 mm, the
manipulator arm translates the motor, wire, and ice crystals horizontally to Diffusion Chamber 2
(DC2, on the left). The growth conditions are better defined in the second chamber, typically with
a lower supersaturation than in DC1. A microscope objective mounted near the back wall of DC2
(not shown here) allows the subsequent ice growth to be observed.
base of the wire assembly is a small gearhead motor (Faulhaber 06/1 64:1 gearhead with 0615 C 003
S motor) that is used to rotate the wire, thus positioning the ice needles for observation in DC2.
Typically the wire is rotated so the c-axis of a particular ice needle is perpendicular to the optical
axis of the microscope. In this way the needle diameter as a function of time can be measured, along
with the tip crystal diameter and thickness. Other observation angles yield additional information
about the crystal morphology, etc.
The wire itself is a sharpened stainless steel acupuncture needle (SEIRIN J Type, 120 µm in
diameter, 40 mm long). The wire is supported by telescoping stainless steel tubes that connects it
to the rotation motor. A manipulator arm mounted below the motor translates the motor/needle
assembly back and forth between the two diffusion chambers. A pair of sliding shutters isolate the
diffusion chambers from each other, minimizing air currents between the two, and both shutters are
opened only briefly when the motor/needle assembly is being transported between the two chambers.
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Figure 2: The measured DC1 temperature profile during operation. The position measurement is
relative to the wire tip upon which the ice needles grow. The water reservoir at the top of DC1 is
held at 59 C, while the base is held at −35 C.
2.1 Diffusion Chamber 1
DC1 was designed to be an electric ice needle factory, capable of reliably producing c-axis ice needles
on demand, following the procedures described in [18]. The inner dimensions of the diffusion chamber
are 250 mm square by 350 mm in height. The walls are made from a combination of acrylic and
polycarbonate sheets, surrounded by styrofoam insulation. The styrofoam is isolated from the inside
of the chamber by the plastic sheets to avoid outgassing from the styrofoam. Outgassing from the
plastic appeared to be negligible after some preliminary baking of the system.
A copper water reservoir is placed near the top of DC1, and this metal assembly is typically run
at a temperature of 59.0±0.4 C. Metal side extensions reduce condensation on the walls near the
top of the chamber (near the water reservoir) and serve to increase the temperature gradient (and
thus the supersaturation) near the center of the chamber.
The aluminum assembly near the bottom of DC1 (see Figure 1) is typically held at a temperature
of −35.0± 0.3 C, and again the side extensions increase the temperature gradient near the center of
the chamber. The finite thickness of the insulating walls around DC1 mean that the temperature
profile within the chamber depends slightly on the room temperature surrounding the apparatus.
This effect was usually negligible, as the room temperature was also regulated by the building
air-handling system.
Figure 2 shows the vertical temperature profile along the central axis of DC1. This and other
temperature measurements reveal that the isothermal surfaces within the chamber are not horizontal,
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Figure 3: An image showing ice crystals growing on a segment of 200-µm-diameter nylon fishing
line hanging in the center of DC1. The scale bar is 1 mm long, and the crystal growing time was
19 minutes. The crystal morphology is strongly temperature dependent, with the long “fishbone”
crystals appearing near −5 C. The best wire tip location for producing c-axis electric needles is just
below the fishbone peak.
which in turn means that there must be some convective air currents present. These slow convective
motions likely significantly affect the supersaturation within the chamber, and modeling these effects
would be challenging. However, the sole purpose of DC1 is to produce a high supersaturation near
−6 C at the wire tip, as these are the conditions needed for producing c-axis ice needles [18]. We
use crystal growth rates as an indicator of the supersaturation (see below), but its exact value is
otherwise not determined.
Figure 3 shows an example of ice crystals growing near a temperature of −6 C within DC1, on
a nylon filament placed along its central axis. The crystal growth morphology is strongly temper-
ature dependent in this range, so observations like these provide an excellent surrogate for in situ
temperature measurements as a function of height. The filament is typically placed in DC1 at the
beginning of each run to verify that the system is performing satisfactorily, and it is otherwise not
present.
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The fastest growing crystals seen in Figure 3 are the “fishbone” crystals [19] growing near −5 C.
Through trial-and-error we determined that the best location for creating c-axis electric ice needles
is just below the fishbone cluster. The temperature profile in DC1 was adjusted by changing the top
and bottom temperatures, along with the heights of both sets of metal side extensions, so that the
vertical location of the wire tip was near this optimum temperature. Once the chamber reached its
operating state, we found that the vertical position of the needle cluster was stable to ±0.25 mm,
which was the limit of our measurements.
The following procedure is followed to create a set of electric ice needles: 1) The wire is transferred
to DC1, and ice crystals on the wire are knocked off as much as possible using a cold metal cylinder.
Occasionally, if the wire is carrying a lot of ice, a warm metal cylinder is inserted through a hole
in the top of DC1 to melt and clean ice crystals from the wire. Following this melt step, the cold
cylinder is used to touch the wire and freeze the remaining water film. 2) With the wire tip in place,
one ml of air containing a chemical additive is inserted into DC1 just below the wire. Silicone caulk
(GE Silicone II) vapor is the best additive we have found to date, and this contains acetic acid vapor
with an unknown mix of other volatile compounds. 3) After inserting the chemical additive, 2 kV
DC is applied to the wire. Thin ice needles typically begin growing within a few seconds after the
voltage is applied, and their growth is monitored using a long-distance microscope located outside
DC1. 4) After the needles have grown to lengths of roughly 2 mm, which takes 10-15 seconds, the
high voltage is turned off and a thin horizontal plate is immediately positioned above the wire. This
plate reduces the supersaturation so fishbone crystals do not begin growing on the ice needles after
the voltage is turned off. 5) The wire assembly with ice needles is then transferred to DC2 for further
observations.
Figure 4 shows an example of an electric needle crystal immediately after being transferred to
DC2. The needles are quite robust and usually survive the transfer well. Within roughly ten seconds
one can position the wire tip in DC2, rotate it to its desired position, focus on a particular ice needle,
and begin monitoring the subsequent growth of the crystal.
Several conditions are required to successfully produce c-axis electric ice needles [18]: 1) the
temperature must be near −6 C; 2) the supersaturation must be sufficiently high, above roughly 100
percent; 3) the applied voltage must be roughly 1 kV or higher; and 4) some chemical additive vapor
must be present in the air. If all these conditions are met, then typically several c-axis needles grow
out from the needle tip in random directions, and this happens with essentially a 100 percent yield.
If any of the conditions are not met, then either no electric needles appear, or more commonly the
needles will not grow along the c-axis.
When the nylon filament is placed in DC1, the fastest fishbone crystals grow with tip velocities
of 3.5-4.0 µm/sec. This observation serves as a surrogate supersaturation measurement, since the
tip growth velocity depends approximately linearly on supersaturation in this range [18]. If the
wire is positioned in the chamber with no applied voltage, then the fastest fishbone crystals grow
with tip velocities of 7-8 µm/sec. The factor of two increase is because crystals growing on the
vertical filament above the −5 C region (that is, at higher temperatures) shield the supersaturation,
whereas no crystals are growing above the wire tip. With 2 kV applied, c-axis electric needles grow
with tip velocities of 150-200 µm/sec. An analysis of diffusion-limited growth indicates that these
fast-growing electric needles have tip radii of approximately 100 nm during growth [18].
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Figure 4: An example of a c-axis electric ice needle. The total needle length is 2.3 mm, and the
close-up inset box is 50 µm on a side. Note that the substrate wire, seen in the lower part of the
image, is covered with frost crystals.
2.2 Diffusion Chamber 2
DC2 was designed to provide a stable, well-defined ice growth environment that can also be adjusted
over a broad range in temperature and supersaturation. In particular, the chamber was designed
to eliminate convective air currents as much as possible, so the supersaturation can be accurately
calculated from the known boundary conditions inside the chamber.
To eliminate convection, the isothermal surfaces within the chamber must be horizontal, which
is a nontrivial design feature. Referring to Figure 1, DC2 begins with an aluminum clam-shell
construction, the top half being held at a temperature TDC2,top and the bottom half at TDC2,bottom.
Polycarbonate plates span the gap between the upper and lower halves, thus sealing the chamber to
prevent air currents coming in from outside. Within the clamshell, 1.6-mm thick stainless steel plates
form a set of inner walls, and their purpose is to provide a uniform linear temperature gradient along
the walls. Heat flow down these plates is substantially higher than heat flow from the surrounding
clamshell (the latter impeded by the low thermal conductivity of air), thus ensuring the linear
temperature gradient. The inner dimensions of DC2 are 184.1x184.1x101.6 mm.
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Figure 5: A typical measured vertical temperature profile along the center axis of the second diffusion
chamber (DC2). The linear profile ensures that the isotermal surfaces within DC2 are horizonal,
suppressing convective currents. In the absence of convection, the supersaturation can be modeled
by solving the diffusion equation inside the chamber with the appropriate boundary conditions. A
typical measured vertical temperature profile along the center axis of the second diffusion chamber
(DC2). The linear profile ensures that the isotermal surfaces within DC2 are horizonal, suppressing
convective currents. In the absence of convection, the supersaturation can be modeled by solving
the diffusion equation inside the chamber with the appropriate boundary conditions.
Figure 5 shows an example of a measured vertical temperature profile within DC2. For this
measurement the top and bottom plate temperatures were set to −8 C and −22 C, respectively,
giving a center temperature of −15 C. A fit to these data yields a temperature gradient 0.134 C/mm,
which differs from the expected value of 0.138 C/mm (for a plate separation of 101.6 mm) by three
percent. The difference appears to be caused by slight heat leaks from the side windows in DC2
(each consisting of three insulated layers between the inner walls and the outside air), together with
the fact that the thermistors used in DC2 are only rated to an absolute accuracy of 0.1 C.
Solving the heat diffusion equation within DC2 yields the solution
T (z) = TDC2,bottom + (z/∆z)(TDC2,top − TDC2,bottom) (1)
where this describes the wall temperature, the top and bottom temperatures, and the air temperature
within the chamber. As long as TDC2,top > TDC2,bottom, the isothermal surfaces will be horizontal
and no convection will occur.
The wire assembly passes through a small linear opening at the bottom of DC2, and this opening
is blocked with a slit mylar sheet to reduce air currents. In addition, the temperatures below
9
the bottom surface of DC2 are typically lower than TDC2,bottom (see Figure 1) providing a stable
temperature gradient that prevents convection through the opening. The wire also passes through
an opening in one wall of the chamber during its transfer from DC1, and a sliding shutter seals this
opening except for the few seconds during transfer.
With convection essentially eliminated, the particle diffusion equation can be solved to deter-
mine the supersaturation within the chamber. If the walls were infinitely far away, then the water
vapor concentration in the chamber would be c(z) = cbottom + (z/∆z)(ctop − cbottom) (ignoring
small corrections from, for example, the temperature dependence of the diffusion constant) and the
supersaturation at the center of the chamber would be
σcenter ≈
1
2
1
csat(Tcenter)
d2csat
dT 2
(Tcenter) (∆T )
2 (2)
≈ 0.0032 (∆T )2
to lowest order in ∆T = (TDC2,top−TDC2,bottom)/2, where ∆T is measured in degrees Celsius in the
second line of this equation. Note that c−1sat
(
d2csat/dT
2
)
is only a weak function of temperature, so
this approximation is adequate for making rough calculations over the range 0 > T > −40 C.
For better accuracy we numerically solve the diffusion equation within DC2, including the bound-
ary condition that c = csat(T ) on the ice-covered walls of the chamber, where T is the surface
temperature at each point. These numerical models indicate that the center supersaturation is
approximately 0.8 times the result given by Equation 2. The ice-covered wire adds an additional
correction factor of approximately 0.9, depending on how much ice is on the wire, the length of the
ice needle being tested, and the locations of any neighboring needles. A careful examination of these
effects gives an absolute fractional uncertainty in the supersaturation of approximately ±10 percent
under typical operating conditions. For T = −15 C, for example, we find that the center supersatu-
ration is well described by σcenter ≈ 0.0023 (∆T )
2
. A more detailed analysis of the supersaturation
within DC2, along with test measurements, will be reported separately.
While DC1 includes an ample water reservoir (100 ml) at the top of the chamber, DC2 contains
four shallow water reservoirs (15 ml each) at the bottom of the chamber. During the initial cooldown
of the system, DC2 is run in reverse – with the top cooler than the bottom – in order to promote
convection that carries water from the bottom reservoirs to the top and walls of the chamber. These
surfaces become coated with water droplets during this phase (which lasts about three hours), and
subsequently cooling the entire chamber to T < −20 C for fifteen minutes freezes the droplets. This
process coats essentially the entire inside surface of DC2 with a thin layer of ice, while maintaining
the simple rectangular geometry of the chamber. The volume of ice transferred is sufficient that
all surfaces will remain ice covered for the duration of an experimental run (typically less than ten
hours).
3 Initial Observations
Figure 6 shows some example crystals grown on c-axis ice needles at −15 C using this apparatus,
showing the progression of morphologies at this temperature as a function of supersaturation. Figure
7 shows some additional example crystals grown at other temperatures. As described above, the
dual-chamber apparatus is especially well suited to making quantitative measurements at known tem-
peratures and supersaturations, for comparison with numerical models of faceted dendritic growth.
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Figure 8 shows one of our early attempts at 2D modeling of thin plates growing on ice needles, using
the cellular automata technique described in [20]. Moving forward to full 3D numerical models
remains a challenge, but recent progress in producing realistic models using accurate input physics
appears quite promising [21].
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Figure 6: A progression of ice crystals grown at −15 C on the ends of c-axis ice needles, showing
the morphological progression from blocky (upper left) to thick plate, thin plate, dorite, simple star,
stellar dendrite, and fernlike stellar dendrite as the supersaturation is increased. The images are
labeled with T = T0 ± ∆T C, where T0 is the DC2 center temperature (where the crystals are
growing), T0 + ∆T is the DC2 top surface temperature, and T0 −∆T is the bottom temperature.
The images are all shown at the same scale, so the 0.5 mm scale bar applies to each. The growth
times varied from 13 minutes (blocky) to 1 minute (fernlike stellar dendrite). The supersaturation
seen by the growing crystals is given by σ ≈ 0.0023(∆T )2, as determined by numerical models of
the water vapor concentration field within DC2.
13
Figure 7: Additional examples of ice crystals grown in DC2 on the ends of c-axis ice needles. Again
the images are labeled with T = −T0 ±∆T C, where T0 is the temperature at the growing crystal,
T0+∆T is the DC2 top temperature and T0−∆T is the DC2 bottom temperature. The images are
all shown at the same scale, so the 0.5 mm scale bar applies to each. The composite image at the
upper left combines several images taken at different times, showing the formation of a thin hollow
columnar crystal.
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Figure 8: An example showing numerical modeling of an ice crystal grown at T = −15 C and σ = 13
percent, from [20]. The composite image in (a) shows five successive views of a thin plate-like crystal
growing on the end of a slender ice needle, with a 50-µm scale bar. The crystal is shown in a side
view, with illumination from behind. The composite image in (b) shows our numerical model of the
same crystal. Here the brightness around the crystal is proportional to supersaturation. The data
points in (c) show measurements of the plate and needle radii (the latter at a distance of 50 µm
from the base of the plate) as a function of time. The lines in the graph are from the growth of the
model crystal. The inset image in (c) shows a more frontal view of a similar plate-on-needle crystal
with a plate radius of 80 µm, showing the thin sectored-plate morphology. Note that at earlier times
(t < 0 in the graph) the crystal was growing from a tapered needle to a nearly uniform column, from
which the plate emerged. The time axes were shifted so the plate began growing at t ≈ 0 for both
the real and model crystals.
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